The recent rapid advances in nanotechnology, especially those based on molecules, are due in large part to our newly acquired abilities to measure and manipulate individual molecules and their assemblies. Among all the approaches for the study of single molecules, scanning tunneling microscopy (STM) is unique and powerful owing to its ability to accurately probe and control single molecules. High-resolution spatial imaging combined with scanning tunneling spectroscopy (STS) helps scientists investigate and resolve many chemical and physical problems at the molecular level. In this paper, we review our recent studies of single molecules and their assemblies by combining STM experiments and theoretical simulations based on the density functional theory (DFT).
INTRODUCTION
The scanning tunneling microscope (STM), invented by Binnig and Rohrer, has revolutionized the field of surface science because it has the highest spatial resolution (lateral resolution 0.1 nm, and vertical resolution 0.01 nm) among all electron microscopes [1, 2] . In an STM, the direct interaction of wave functions between tip and surface in the subnanometer scale allows it not only to image the surface as a powerful microscope, but also to act as a probe to detect the electronic structure and even to manipulate or create nanostructures. In recent years, chemists have successfully investigated a wide range of problems related to single molecules on surface with the help of STM [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Those include chemical identification and structural determination of single molecules, electrical conductivity of single molecules, the bond-selective control of single molecular chemical reactions (bonding or bond breaking), rotation and vibration of molecules, surface diffusion, and so on. There is no doubt that STM has extended the ability of scientists in dealing with materials at the atomic and molecular level, and has become a unique and powerful tool for characterizing physical and chemical properties, creating new structures, and exploring new applications for single molecules.
In this paper, we review our recent studies of single molecules [14] [15] [16] [17] [18] [19] [20] and their assemblies [14, [21] [22] [23] by combining STM experiments and theoretical simulations based on the density functional theory (DFT) [24, 25] . Third, the structure of the STM tip is crucial and determines the pattern contrast as well as the qualities of the obtained images [26] . Figure 4 shows two sets of STM images of C 60 molecules, which were simulated with the same parameters of measurement but using different tips: one is a metal tip, the other is a tip adsorbed with another C 60 . Obviously, the differences between intramolecular patterns of the upper and lower images result from different tip terminal structures [11] .
Fourth, in order to get high-quality tunneling current images, molecules must be put on electrical conducting surfaces such as a metal or a semiconductor substrate. When the molecules adsorbed on such surfaces, the molecule-substrate interaction (i.e., bonding or charge transfer) may change the electronic structure of the adsorbed molecules, especially near E F , and thus the STM images of same molecules may be different when they adsorb on different substrates. Figure 5 shows STM images of C 60 adsorbed on two different surfaces-one is on a Si(111)-7 × 7 surface [15] , and the owing to the similar molecular orientations, the fine structures are significantly different. When C 60 is adsorbed on a Si(111)-7 × 7 surface, the C 60 is bound with the Si substrate by covalent bonds with a small amount of ionic bonds mixed in [15] . When C 60 is adsorbed on a Cu(111) surface, however, the threefold symmetric intramolecular features were shown to be caused by the charge transfer from Cu to C 60 [27] . [27] .
Native structure of C 60 revealed by STM [14] Though the interior pattern of STM images of single molecules depends on different factors as discussed above, it is still fundamentally interesting to directly visualize MOs with STM. Owing to its spherical cage structure, the C 60 molecule has attracted considerable interest since its discovery [28, 29] , and many attempts have been made to unveil its internal cage structure with STM [27, [30] [31] [32] . However, only a few authors reported STM images of C 60 that reveal some intramolecular features but could not be directly correlated with the cage structures [27, [30] [31] [32] [33] . For example, STM images with four slightly curved bright stripes were typically obtained for C 60 adsorbed on the Si(111) and Si(100) surfaces [30, 31, 33] , regardless of their different surface atom arrangements and binding configurations. Because of the strong C 60 -substrate interactions, these experiments have left the challenge of directly visualizing the native structure of C 60 largely unanswered.
In order to directly image the C 60 molecular native structure, the molecule-substrate interaction must be blocked. In our experiments [14] , alkylthiol self-assembled monolayer (SAM) was introduced between the C 60 molecules and the gold substrate. The thiol SAM was used because of its inert chemical property. The alkylthiol SAM substrate was prepared by solution method [22, 23] and transferred into the ultra-high-vacuum (UHV) STM chamber where a submonolayer of C 60 was then thermally evaporated onto it. The STM images show that at room temperature, C 60 displays a smooth hemispherical protrusion, suggesting that the C 60 molecules are rotating freely at this temperature.
When the sample is cooled down to 5 K, C 60 molecules in the STM image start to reveal an identical internal fine structure (Fig. 6a ) that closely matches the well-known cage structure (Fig. 6b) . Figure 6c shows a simulated STM image of a C 60 structure obtained by integrating the electron density of states (DOS) on a C 60 from the Fermi level to the V S , where the DOS of C 60 was calculated using the discrete variational-local density approximation (LDA) method (DVM) [34, 35] . The C 60 orientation is tuned for the best agreement between the simulation and the experiment. One can see that the simulated image matches the experimental one very well.
Identifications of molecular orientations on surfaces
Structured molecules differ significantly from the simple elemental adsorbates because of their 3D character on the atomic scale. A unique fundamental property of this type of adsorbates is the molecular orientation with respect to the host substrate. When an isolated molecule ceases its rotational motion on a surface, it may, in general, adopt a number of binding configurations and hence a multitude of orientations. This new property could serve as the basis for designing new catalysts with functionalized cage molecules or for fabricating thin films of desirable orientational orders. Thus, understanding how molecules orient themselves on a substrate is obviously a worthy but challenging task both theoretically and experimentally. In the following sections, we will show how to determine the orientation of the molecules on surfaces with the help of high-resolution STM images and theoretical simulations. [14, 21] 2D systems possess a unique topological ordering that is not found in either 3-or 1D systems [36] . Using high-resolution STM, we show here that a C 60 array on an alkylthiol SAM forms an ideal 2D system, which has another novel topological order originating from the orientational degrees of freedom [14, 21] .
2D C 60 films on SAM
STM images show that C 60 molecules on SAM form close-packed hexagonal arrays, with a nearest-neighbor distance of 10 Å. As the samples cooling down to 5 K, all C 60 ceased its rotational motion and formed orientationally ordered domains (Fig. 7) unlike the orientation-related glassy phase in bulk C 60 . The remarkable conformity between the simulated image of C 60 on SAM and the experimental one introduced in the last section allowed us to confidently identify the C 60 domain with certain molecular orientations as shown in Fig. 7 (stick model). These observations, together with the fact that the C 60 molecules are not in an epitaxial (or commensurate) arrangement with respect to the SAM, are indicative of a very weak interaction between the C 60 and the alkylthiol.
Although most of the C 60 arrays feature a single orientation, we have also observed a single array consisting of domains of two different orientations (Fig. 8) , in which the boundary separates two distinguishable domains by their internal features. Comparison with our simulation results enabled us to identify these two orientations as those shown in Fig. 8 inset. Apart from the two different molecular orientations, there is no positional defect at the domain boundary, and the entire C 60 array maintains the perfect translation symmetry for the centers of the C 60 .
Experimental results encouraged us to employ some theoretical works to understand these unique orientational orders and domain structures [21] . Using total energy optimization with a phenomenological potential, we find the ground state is a close-packed hexagonal lattice in which all the molecules have the same orientation. Several local minima of the potential energy surface are found to be associated with other 1 × 1 lattices as well as 2 × 2 lattices. The energies for the identical orientational orders such as the ones observed experimentally are, indeed, among several local minima, if not the global minimum. Furthermore, the energies of the orientational domain boundaries of the 1 × 1 lattices are also computed, and two kinds of which yield negative values (Fig. 9 ).
Through the model computation as well as the STM experiment, we have shown that orientational ordering in a 2D C 60 is drastically different from that in a C 60 solid. In particular, the reduced dimensionality allows the molecules a greater degree of freedom in adjusting their mutual orientations. Although the interface orientations have lower symmetry than those in the 3D case, they better minimize the system energy and the domain boundary energies and lead to a deliberate uniorientational molecular order for a 2D C 60 and a new topological order for the orientational domains. These findings will have implications in other molecular lattices as well as in lattices made of more complex building blocks such as clusters.
C 60 on Si(111)-7 × 7 [15] We have shown that the orientations of the C 60 molecule on SAMs can be simply identified by comparing the STM image with the native cage structure of C 60 [14] . However, when C 60 adsorbed on a metal or semiconductor surface, the intramolecular features in STM images could not be directly correlated with the cage structures owing to the C 60 -substrate interactions. Theoretical calculations are necessary to help identify the orientations of the C 60 in such systems. Here, we show that the molecular orientation of the adsorbed C 60 with respect to a Si(111)-7 × 7 surface can be determined unambiguously by combining low-temperature STM experiments with LDA calculations [15] .
Si(111)-7 × 7 substrate was prepared by a standard procedure [15] . Sub-monolayer C 60 molecules were deposited onto Si(111)-7 × 7 surface via sublimation, and STM experiments were carried out at a base pressure below 3 × 10 -11 Torr with an electrochemically etched W tip at 78 K. Figure 10a is a highresolution image showing the internal patterns of four C 60 molecules (3D display). Four possible adsorption sites (Fig. 10b) have been observed.
The internal pattern of the C 60 depends strongly on the V S and the tip-sample distance. At site A, the feature of the large positive-bias image is one bright pentagon ring plus two curved strokes (Fig. 11a3) . Similar reproducible results were also obtained for C 60 molecules on site A 0 . At adsorption site B, the internal pattern of C 60 at positive sample bias is a bright pentagon ring plus three curved strokes to its right (Fig. 11b3) . The reproducible high-resolution STM images with clear intramolecular features of C 60 raise the possibility of identifying the molecular orientations on Si(111)-7 × 7 surface.
STM images were simulated adopting the Tersoff-Hamann method [37] . For a given adsorption site, we considered five different C 60 high-symmetry rotational orientations, i.e., a hexagon, a 6-6 bond, a 5-6 bond, a pentagon, and an edge atom facing toward the Si substrate, respectively. The electronic structures of C 60 Si 57 H 42 (for C 60 adsorbed on site A), and C 60 Si 67 H 45 (B site) cluster were calculated using the DVM [34, 35] . The simulated STM images show that the positive-bias images depend strongly on the orientation of C 60 on the substrate and less on the adsorption sites. Comparing our simulations with the experiment, we find that the experimental image of C 60 on the A site (Fig. 11a3 ) best matches Fig. 11a4 (a bright pentagon ring plus two bright curved strokes to its left); while the image of C 60 on the B site (Fig. 11b3 ) best matches Fig. 11b4 (one bright pentagon ring plus three bright curved strokes to its right). We thus conclude that the C 60 is adsorbed on site B with one of the edge atoms facing toward the Si substrate, and has one of the 5-6 bonds facing toward the surface on site A (or A 0 ).
Our calculation also shows that C 60 is bound with Si substrate by covalent bonds with a small amount of ionic bonds mixed in. Because of this strong interaction, the electronic structure of C 60 molecule is modulated, and a stripe-like internal structure appears in the negative-bias image. C 120 molecules on Au(111) surface C 60 can be polymerized by many methods and the dimer is the simplest product [38] [39] [40] [41] [42] . Theoretical works [43, 44] predicted that the most energetically favorable bonding between the two C 60 molecules is accomplished by breaking the hexagon-hexagon π-bonds associated with the two polar atoms on each ball and then forming σ-bonds between the two balls ([2+2] cycloaddition). In 1997, G. W. Wang et al. found [45] that the solid-state mechanochemical reaction of C 60 with potassium salts such as KCN under "high-speed vibration milling" conditions can mass produce the dimer of C 60 . Their 13 C NMR, X-ray crystallography, and UV-vis spectrum results proved the [2+2] cycloaddition configuration (Fig. 12 ). Previous STM works [46, 47] found that the self-assembled adlayer of C 120 formed 2√ In our experiments, the orientations of the adsorbed C 120 molecules on a Au(111) surface can be clearly determined by comparing high-resolution STM images with theoretical simulations.
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Single molecules and their assemblies 913 Owing to the ready thermal cleavage [45] , we first purified the C 120 sample powder by immersing it in toluene four times to remove the production of thermal cleavage, i.e., the C 60 molecules. Then the remaining powder was dissolved and diluted in o-dichlorobenzene. A proper sheet of Au film was dipped into the C 120 solution for 10 s, and then the sample was transferred into the UHV system immediately after it dried in pure (>99.9 %) nitrogen atmosphere. The STM works were performed at 78 K.
The STM image ( Fig. 13) shows that all the C 120 molecules lay on the Au surface and each one was revealed as a dumbbell. The existence of intramolecular features in the STM image implies that the C 120 ceased its diffusion and rotation at 78 K on the Au(111) surface.
It is enlightening that when we focused on the "dumbbells", four different adsorption orientations were found. Thiol SAMs on Au(111) surface [22, 23] The SAMs have shown advanced applications in chemical sensing, biosensing, biomimetics, and molecular electronics, and significantly contribute to the general understanding of the fundamental physics and chemistry of complex surfaces and interfaces [48, 49] . Different diffraction techniques such as lowenergy electron diffraction (LEED) and reflection high-energy electron diffraction (RHEED), spectroscopy-based techniques like X-ray photoelectron spectroscopy (XPS), infrared (IR), etc., and microscopy techniques such as STM and atomic force microscopy (AFM) have been used for the characterization of the molecule-scale structure of alkanethiol SAMs on Au(111) [49, 50] . Although the basic structure of alkanethiol SAMs on Au(111) has been ascertained with quantitative precision [51] [52] [53] [54] [55] [56] [57] , it is still a challenge to fully understand the electronic properties of the insulating alkanethiol SAMs on the Au(111) surface, and to interpret the internal patterns in STM images due to long insulating alkyl chain and almost standing molecular configuration.
In our studies, heptanethiol SAMs were prepared by solution method. STM images show c(4 × 2) superlattices of a (√ -3 × √ -3) R30º hexagonal lattice (Fig. 15) . When V S is in the range from 0.5 to 1.5 V, only bright intensity modulation of the spots in the hexagonal lattice can be resolved with one bright spot and three gray spots in a primitive unit cell. When V S is larger than 1.5 V, all the gray spots turn to striped shapes, and the bright spots mainly keep their original shapes. When V S is changed to negative, the gray spots observed at low positive V S turn to dumbbell shapes, and the bright spots are almost unchanged. No obvious variation is observed when V S varies from -0.5 to -2.5 V.
We simulated STM images with the Tersoff-Hamann method [37] , and also calculated the electronic structure calculations by DFT [24, 25] . In our case, a cluster model including only one molecule and 22 Au atoms (three layers) was adopted for the electronic structure calculation and subsequently the STM image simulation because of the van der Waals interaction between the alkanethiol molecules.
Sp3-hybridization, and sp-hybridization (Fig. 16c ) energetically favorable orientational configurations [58] were investigated theoretically. For the sp mode, the simulated molecular pattern is always a bright spot at V S ranged from -2.5 to 2.5 V. For sp3 mode, when V S is negative the intramolecular pattern is always a dumbbell shape. The experimental and simulated images at V S = -1.5 V for a primitive unit cell of heptanethiol SAM are both shown in Fig. 16 , with three sp3 modes and one sp mode, which agrees well with the theoretically optimized packing structure [59] .
Single molecules and their assemblies 915 The electronic structure calculations showed that there is a big gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the heptanethiol molecule. Its HOMO and LUMO are mainly dominated by S component, and the percentage of S atomic orbitals is more than that of the terminal CH 3 group orbitals by four orders of magnitude. During the adsorption process of alkanethiol molecule onto the Au(111) surface, the S-H bond is broken and the S atom is bonded to the Au(111) surface [60] , many new orbitals appear in the original HOMO-LUMO and (HOMO-1)-HOMO gaps of heptanethiol molecule. Most of these orbitals are from plain Au bulk states. However, in some new orbitals, the percentages of S and alkyl part states are obviously more than that in other orbitals. Such orbitals result from the intermixing of MOs and substrate states induced by the strong interaction between alkanethiol molecule and Au substrate. Electrons' transiting by these MOs enables STM imaging for alkanethiol SAMs.
Calculations also validated that the information detected by the STM tip indeed reflected the terminal part of the hydrocarbon chain of the alkanethiol molecule. Alkanethiol molecule is chemisorbed on the Au(111) surface with ~30º tilt angle from the surface normal, so the terminal part of the hydrocarbon chain of alkanethiol molecule is closer to the STM tip than the Au-bound S atom with ~8 Å height difference. Commonly, the LDOS in the vacuum beyond the materials surface decays quickly with increasing distance from surface. Therefore, when the electronic effect and the topographic effect are combined for consideration, the dominance of Au-bound sulfur orbitals in DOS is reversed, and in the region probed by the STM tip, the electronic wave function is localized near the terminal part of the hydrocarbon chain.
SCANNING TUNNELING SPECTROSCOPY (STS) OF SINGLE MOLECULES
In order to understand the electronic transport properties of single molecules, and thus to explore the possibility of device application, it is very important for us to get current-voltage (I-V) spectrum of molecules between two electrodes. A natural method is to fabricate nano-electrodes with a separation of a few nanometers using lithographic techniques and put molecules between them. In recent years, tunneling gaps of a few nanometers have been fabricated with novel methods based on lithographic techniques [61, 62] . But it is still not easy to measure the electrical properties of single molecules by this method owing to the low yields and reproducibility in making the nano-electrodes, and the difficulty in putting the molecule just right between the two electrodes.
STM provides an easier way to form a two-electrode measurement system for molecules: the STM tip and a supporting substrate serve as the electrodes; the electronic transport property can be measured through STS. Since the tunneling current I reflects an integral of LDOS, the normalized dlnI/dlnV = (dI/dV)/(I/V) is approximately proportional to the LDOS [2, 37] . contains the inelastic electron tunneling signal was successfully used to detect molecular vibrational information [3, 8] .
On the other hand, the STS measurement and data analysis are still not simple works because of the existence of interactions between the molecule and the substrate or even the tip. Generally, there are three configurations in the STS measurement of molecules (Fig. 17) . When the molecule is chemically adsorbed onto a metal or semiconductor surface and the tip is also contacted with the molecule, a direct-connect mode was realized (Fig. 17a) . If there is a vacuum separation between the tip and the molecule, a single-barrier tunneling junction (SBTJ) geometry is formed (Fig. 17b) . In these two modes, the interactions between the molecule and the substrate or tip are important and dramatically influence the I-V characters. A double-barrier tunneling junction (DBTJ) system was formed (Fig. 17c) only when the molecule-substrate interaction was also blocked. The original properties of the molecules as well as a single-electron tunneling (SET) effect are expected be observed in such system. As examples, the transport properties of a C 60 molecule in the above three junctions are discussed below.
C 60 has the spherical structure, which results in a close-shell electronic structure consisting of highly degenerate η-and σ-derived molecular electronic states including η-derived fivefold degenerate HOMO and a triply degenerate LUMO [63] . The energy gap between the HOMO and LUMO is determined to be about 1.7 eV by using the ab initio calculation [64] and 1.8 eV experimentally [65] . The unique electronic and structural properties of C 60 allow us to foresee a promising future for this type of molecule as building blocks in future single-molecular devices.
Jeremy Taylor et al. proposed a model transistor [66] in which a C 60 molecule was bonded by two atomic-scale Al metallic electrodes that extended to reservoirs far away. An additional gate voltage was also applied to a metallic gate capacitively coupled to the molecule (Fig. 17a ). An approach that combines nonequilibrium Green's function theory with pseudopotential real-space DFT simulation techniques was developed to investigate this model transistor. The theoretical results suggested that chargetransfer doping induced a substantial conductance in a well-contacted molecular C 60 device. Three transferred electrons half filled the LUMO state and contributed three conduction channels at equilibrium, producing metallic I-V characteristics. A field effect provided by a gate potential can switch off the current by inhibiting charge transfer.
When STM is used to investigate the C 60 molecule adsorbed on different conducting surfaces, an SBTJ system is formed. From the STS investigation, it was found that the HOMO-LUMO gaps of C 60 adsorbed at sites A, B, and C of Si(111)-7 × 7 surface (see the section "Identifications of molecular orientations on surfaces") are 1.4, 0.8, and 1.3 eV (Fig. 18) , respectively, much smaller than that of free C 60 molecules [16] . It was confirmed that the mixing states of the C 60 orbitals with the LDOS of Si(111)-7 × 7 are site-dependent owing to the strong interaction between the C 60 and the dangle bonds of the surface and the different surface structures at different sites. These interactions also influenced the STM images [15] . Orbital-related fine structures in the I-V curve of C 60 in a DBTJ [10] When C 60 molecules adsorbed on top of well-characterized alkanethiol SAMs deposited on an Au(111) surface, a DBTJ configuration was realized in which a C 60 molecule is coupled via two tunnel junctions to the metal substrate and the tip of the STM (Fig. 17c ). As expected, SET effect was observed in this system because the charge energy of this nanojunction is much larger than the thermal fluctuation energy. In Fig. 19 inset, typical measured I-V curves of a single C 60 molecule in DBTJ at 5 K were given, and the fine structure of the spectrum can be quantitatively understand by the orthodox theory for the SET effect of quantum dots in DBTJ together with the electronic structure of C 60 .
According to the orthodox theory [67, 68] , to add (+) [remove (-)] an electron to (from) the quantum dot through one junction, work has to be done against the electric field of excess electrons (ne) which already reside on the quantum dot as in which E C is the charging energy, C 1 and C 2 are the capacitances of the two junctions, respectively. This charging energy induces the zero current gap-Coulomb blockade (CB) and Coulomb staircase in the I-V curve.
To simplify discussions below, we assume that C 1 < C 2 in our system. This means that the first tunneling electron will always span the first junction. According to the orthodox theory, the CB thresholds of the negative and positive voltages are deduced from the law of partial voltage: E n e n C C
For a single molecule, however, there is a discrete energy level structure, so additional work due to the discrete level effect should be taken into account. For a molecule such as C 60 , with a fully occupied HOMO, its E F locates between the HOMO and LUMO when the molecule is neutral. When the first tunneling electron spans the first junction, the LUMO (HOMO) will be occupied (unoccupied). Therefore, the accessional energies required by the discrete level effect for the addition (reduction) of one electron to (from) the molecule through the first junction equal to energy differences between Fermi level and LUMO or HOMO. After getting or losing one electron, the molecule will be ionized with a partially occupied level. The E F will shift up/down to coincide with this partially occupied level. Therefore, there is no accessional energy required by the discrete level effect for the tunneling of the second junction. Although the precise position of the E F shows some randomness in the measurements, it locates near the middle of the HOMO and LUMO generally when the molecule is neutral. If we assume that the position of the Fermi level lies in the middle of HOMO and LUMO, the CB thresholds of the negative and positive voltages are:
Thereby, the CB of C 60 molecule in a DBTJ is nearly symmetric because of the fully occupied HOMO and LUMO molecular states. According to the previous discussions, the CB should be by assuming C 2 > C 1 . As the setting-point voltage V S = 2.0 V and current I = 0.2 nA and considering the tip as a semisphere, the capacitance C 1 of junction 1 between the STM tip and the C 60 molecule is estimated to be 0.02 aF. Using the thickness of the SAM at about 9.68 Å [69] , and the dielectric constant for SAM on Au(111) at about 2.6 [70] , we have calculated the capacitance C 2 of junction 2 between the C 60 molecule and Au substrate to be about 0.15 aF [71] . From the orthodox theory, the E C is calculated to be about 0.47 eV, and ∆V C is calculated to be about 2.8 V (Fig. 20) , which agrees with the experimental data perfectly (Fig. 19) . When the STM tip approaches the molecule, the capacitance of the tip-molecule C 1 will increase. From the orthodox theory, ∆V C will increase to 3.1 eV when C 1 increases to 0.045 aF. In our experiment, ∆V C is measured to reach 3.0 eV when I is set at 1.5 nA.
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Single molecules and their assemblies 919 Despite the CB, we notice that there are fine peaks in the numerical calculated dI/dV curves, which correspond to the fine steps in the I-V spectrum. According to the experiments, the fine peaks are always fivefold (Fig. 19 , Ni, i = 1-5) or triplex (Fig. 19, Pi, i = 1-3) . We consider that these fine peaks reflect the split of C 60 molecular fivefold degenerate HOMO and triply degenerate LUMO. The SET effect is responsible for the splitting of the MOs. Theoretical calculations reproduced the fine peaks (Fig. 20) .
Single-molecular rectifier using an azafullerene C 59 N molecule [18]
As we use the C 59 N molecule to replace the C 60 in a DBTJ, we will show that the half-occupied MO of the C 59 N molecule and the asymmetric shift of the molecular Fermi level when the molecule is charged result in a new kind of molecular rectifying effect. The synthesis method of C 59 N is reviewed in ref. [72] . The STM experiments are similar to C 60 . Figure 21 shows a typical set of tunneling I-V curves for individual C 59 N molecules measured at various setting parameters by positioning an STM Pt-Ir tip above a C 59 N. Different from the I-V curves of C 60 molecules shown previously, pronounced asymmetry of CB is observed, and this rectifying effect is repeatable for all measurements we made. We find that although the detailed feature of each curve is varied slightly due to the different setting parameters, the positive onset sample V S (V+) is always about 0.5-0.7 V, while the negative onset sample V S (V-) is about 1.6-1.8 V. After receiving or losing one electron, the molecule will have fully occupied HOMO and unoccupied LUMO (Fig. 22b) . For the tunneling of the second junction, since the new E F is lying between the new fully occupied HOMO and unoccupied LUMO, therefore, the accessional energy is required by the discrete level effect. Assuming that the new energy gaps after receiving or losing one electron are E g -and E g + , respectively. Then the thresholds for electron tunneling through the second junction should be:
. From the formula above, one can see that if E g -and E g + are significantly different, V + and V -will be remarkably different generally. This is the main reason for the novel rectifying effect.
We can quantitatively calculate the CB thresholds using the formula above. Similar to the discussions of the C 60 -DBTJ system, we evaluate the capacitance of junction 1 between the STM tip and C 59 N molecule (C 1 ) to be 0.012-0.015 aF according to the small tunneling current in experiments and C 2 to be about 0.15 aF. Due to theoretical calculations, the E g -and E g + of C 59 N are 0.25 and 1.29 eV, respectively. Then, it can be obtained easily that: V + = 0.53 V; V -= 1.76 ~ 2.04 V. These CB thresholds agree with the experimental ones. So we concluded that the half-occupied HOMO and the significant difference between E g -and E g + together with the SET effect are responsible for the novel rectifying effect.
From these results, we can see that fullerenes serve as ideal quantum dots in mesoscopic junctions, due to their small size and well-known electronic structure. The good agreement with the orthodox shows the interplay between the charge effect and the resonant tunneling of discrete energy levels could be controlled to get required tunneling properties. These investigations are not only of the fundamental physical interest, but also are effects that could set the limit of future devices operating on the transfer of single electrons.
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SPATIAL AND ENERGETIC MAPPING OF SINGLE MOLECULES [17]
Endohedral metallofullerenes have been a subject of intensive investigation in recent years [74] . The location of metal atoms inside the fullerene cage and the metal-cage interaction are two central issues.
Most of the investigations require macroscopic quantities of metallofullerenes and give either ensemble-averaged or spatially averaged results [75] [76] [77] [78] [79] . It has been a challenging task to characterize the local properties of isolated metallofullerene molecules. Since a normal STM topological image reflects the integrated LDOS of the sample surface from E F to E F + eV S , and the STS only provide the LDOS information of the tip pointed area, the spatial distribution of LDOS could not be fully characterized by these two methods. One solution is to map the dI/dV signal at every point on the topography image. Since the value of dI/dV is approximately proportional to the intensity of LDOS at the energy of E F + eV S (Fig. 23) , the dI/dV mapping method can spatially map the energy-resolved LDOS of a molecule [37, 80] . Experimentally, an ∆I/∆V data could be obtained through lock-in detection of the alternating tunneling current driven by modulating the sample bias with the feedback loop open. As the window ∆V is small enough, the ∆I/∆V is approximate to dI/dV mathematically. Next, we will show that a dI/dV map method is very useful in identification of special molecular structures like endohedral metallofullerenes.
The sample was prepared by depositing a submonolayer of Dy@C 82 isomer I (Fig. 24a) 
Ag surface through evaporation. All STM and STS measurements were performed at 5 K. Our dI/dV spectra were measured by lock-in technique with a modulation signal of 15 mV (rms) and 2000 Hz. Details for the preparation and separation of Dy@C82 isomer I were described elsewhere [81, 82] .
In Fig. 24 , a set of STM images and dI/dV maps of a Dy@C 82 molecule was given. The topography images show rich internal patterns, such as slightly curved bright stripes at the negative voltage (Fig. 24b) and some bright pentagon and hexagon rings at the positive voltage (Figs. 24c,d) . In contrast to C 60 , which has I h symmetry and only one unique carbon site, the Dy@C 82 isomer I is a metallofullerene in which the Dy atom lies along a C 2 axis on the six-membered ring of the C 2v -C 82 cage [77] . So it has many nonequivalent sites due to its low symmetry, and we cannot deduce the orientation of Dy@C 82 with these STM images alone was done for C 60 (see the sections "Native structure of C 60 revealed by STM" and "Identifications of molecular orientations on surfaces").
The dI/dV spatial maps of Dy@C 82 at most V S we measured show either a bright mesh structure (Fig. 24e) or a fully dark hollow (Fig. 24f) . Only at certain positive-V S (2.0 and 2.1 V), we observed a locally bright ring or dot (Figs. 24g,h ). These dI/dV maps reveal detail in the electronic structure that cannot be observed in topographs [80] . We will show that the off-center bright spot in the hollow carbon cage is related to a metal-cage hybrid state. Our calculations were carried out using DFT with LDA implemented with the Dmol 3 package [73] . The Vosko-Wilk-Nusair local correlation functional [83] and all-electron calculations with scalar relativistic corrections were used. orbitals. In the occupied valence-band region, only type I and II orbitals exist. In the unoccupied conduction-band region, however, there are two metal-cage hybrid orbitals at around 2 eV above the HOMO. In these orbitals, there is a strong hybridization between the Dy 6s orbital and the 2s and 2p orbitals of some specific C atoms. This kind of hybridization can result in a very local distribution of the LDOS on the fullerene cage. Since type I orbitals are irrelevant to the encapsulated metal atom, and type II orbitals are localized inside the fullerene cage that cannot be detected by the STS, mapping the metal-cage hybrid orbitals becomes the crux to detect the metal atom in the fullerene cage.
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Single molecules and their assemblies 923 As an example, the spatial LDOS distribution of the second hybrid orbital at 2.05 eV (type IV, Fig. 25-IV) is presented in Fig. 26a (according to a standard molecular orientation, see Fig. 26b ). The LDOS value at the two carbon atoms in the six-membered ring of the cage nearest to the Dy atom is much larger than that at other carbon atoms. One can expect that the dI/dV map of the hybrid orbital at 2.05 eV should be two or one bright dots, depending on the orientation of the molecule. This explains the observed off-center bright spot in the hollow carbon cage at around 2 V. Figures 26c-f show the simulated STM images and dI/dV maps by assuming the Dy@C 82 molecule adsorbed on the surface with a certain orientation (Fig. 26g) . The agreement between experiment (Figs. 24c,d,g,h) and theory is quite good. We notice that to understand all observed STM images and dI/dV maps, the molecule-substrate interaction and STM tip trajectory should be taken into account.
Our experimental observations of the metal-cage hybrid states support that the orbital hybridization and charge transfer constitute a complete picture for the interaction between the cage and metal atom [82, 84] . Detecting the energy-resolved metal-cage hybrid states of a single endohedral metallofullerene provides not only the information for the metal-cage interaction, but also the geometrical and orientational information about the metallofullerene. This technique may find interesting applications in the fields of in situ characterization and diagnostics of metallofullerene-based nanodevices.
SINGLE-MOLECULAR MANIPULATION AND MOLECULAR ELECTRONICS
Scientists had a long dream to ultimately have the ability to fabricate or construct new materials and devices at the level of single atom or even single bond. In the last decade, scientists have demonstrated many examples of single-atom manipulation and single-molecular chemistry of bond cutting/forming with the help of STM [3, 4] . These operations were realized by precisely controlling tip-sample interactions or by using the electric field between the tip and sample [4] injection of tunneling electrons using STM. The dissociation of C-H bonds that occurred in a benzene molecule with the dosing of tunneling electrons from the STM tip induced a bonding geometry change from flat-lying to up-right configuration [86] . However, it is interesting and fundamentally important to look for novel molecular structures with the desired functions that may be applied in future devices. Here we will show two examples of the construction of novel molecular structures with unique electronic properties by the techniques of single-molecular manipulation and the chemistry of bond cutting. C 60 molecular negative differential resistance (NDR) device [9, 19] The concept of the NDR effect was first introduced by Esaki in 1958 [87] , and the resonant tunneling diodes based on the NDR effect have been widely used in electronic devices since the middle of the 1970s [88] . This tunneling diode is characterized by the phenomenon of decreasing current with increasing voltage in the certain range of the I-V curves.
It has been shown experimentally [89, 90] and theoretically [91, 92] that atomic-scale NDR could arise in the tunneling structures with an STM tip and a localized surface site when the LDOS of both the tip and the surface site have adequately narrow features.
We have successfully demonstrated the NDR molecular device based on the geometry of DBTJ involving two C 60 molecules which have high degenerate and large separated levels: one is adsorbed on the Pt-Ir tip of an STM and the other is physically adsorbed on the surface of the hexanethiol SAMs [19] . Such controllable tunneling structure and the associated known electronic states ensure the stability and reproducibility of the NDR device.
In the experiment, when the STM tip is brought close enough to a C 60 island, a C 60 molecule is preferentially adsorbed onto it [85] . This is because the fullerenes are weakly bound by van der Waals interaction to each other and to the SAM. Owing to the enhanced metal-C 60 interactions, the attached C 60 molecule can be stable at the apex of the tip. The attachment of a C 60 molecule to the tip is a reversible process. When applying a voltage pulse of about 6 V, the adsorbed C 60 on the tip will desorb. STS data was collected on C 60 molecules after the adsorption of a C 60 onto the tip as shown in Fig. 27 , where (a) and (b) correspond to the tunneling structures of bare Pt-Ir tip on C 60 , and C 60 tip on C 60 , respectively.
It is interesting to note that when C 60 molecules are separately adsorbed on the tip and on the thiols, an obvious NDR at the positive-V S is observed in the I-V curve (Fig. 27b) . This approves the assumption that the NDR phenomenon may be due to the narrow structure in the LDOS of the C 60 molecules on both electrodes. A theoretic simulation was performed to further confirm that the NDR indeed originated from the tunneling between two C 60 molecules. In the simulation, the energy levels of a free C 60 molecule were calculated by the discrete variational-LDA method [34, 35] . Then, the LDOS of the C 60 molecules on both electrodes were derived from the Lorentzian broadening of these discrete energy levels [93] . The Lorentzian width depends on the coupling with the environments, as well as on the temperature. The simulated I-V curve (lower part of Fig. 28a ) reproduces the positive sample bias part of the measured STS with NDR (Fig. 27b) . However, in the negative-bias range, the simulated result predicts NDR, which does not appear in the experimental result. Because of the interaction between C 60 and Pt atoms through orbital mixing, the unoccupied states of the C 60 adsorbed on the tip are more extended than the occupied states. It is expected that peaks in the unoccupied states are more broadening than that in the occupied states. This may be the reason for the absence of NDR in the negative-bias range (Fig. 28b) .
Kondo effect in an artificial molecular structure [20] The Kondo effect arises from the coupling between localized spins and conduction electrons, and at sufficiently low temperatures, it can lead to change in the transport properties through scattering or resonance effects [94] . We show here that the Kondo effect arising from magnetic ions on the surface of a nonmagnetic conductor can be controlled by changing their chemical environment. [20] .
A submonolayer of CoPc molecules was adsorbed onto a Au(111) surface through thermal evaporation. STM images show protruding four-lobed structures with a bright spot at the center, which is consistent with the molecular structure (Fig. 29c2) . When we apply a positive high-voltage (more than 3.3 V) pulse (Fig. 29a) over the edge of a lobe, the I-t curve (Fig. 29b) shows two sudden drops. We consider this a dehydrogenation process of the CoPc molecule [86] . The two drops in I-t curve indicate the sequential dissociation of the two H atoms from the benzene ring. Topographic image shows that the bright lobe disappeared after the voltage pulse (Fig. 29b inset) . When all four lobes were cut to obtain the final dehydrogenated CoPc (d-CoPc) molecule (Figs. 29d1,d2) , a marked increase of ~0.8 Å in apparent height at the center indicated either a strong conformational change of the molecular structure or a redistribution of the LDOS of the molecule. Moreover, the d-CoPc molecule on the Au(111) surface was difficult to move with the STM tip, indicating a strong interaction between the molecule and substrate. Dehydrogenation induces a marked change of the molecular structure (Figs. 31d,e) , so that the d-CoPc molecule on Au(111) is no longer planar. The central Co atom in the d-CoPc molecule shifts upward remarkably. More importantly, the magnetic moment is recovered for the d-CoPc adsorption system (Fig. 31f) . The magnetic moment of the d-CoPc molecule is now 1.03 µB, very close to the value of a free CoPc molecule, and this induced the Kondo effect.
To understand the high Kondo temperature in the d-CoPc/Au(111) system, we compared its partial density of states (PDOS) with that of a single Co adatom on a Au(111) surface (Fig. 32) [104] . According to theoretical models for the Kondo temperature T K [104, 105] , T K increases monotonically as the on-site Coulomb repulsion U decreases or as the half-width ∆ increases (T K = D 0 e -πU/8∆M , where D is a prefactor and M is the degeneracy number). The average spin splitting of the d-CoPc/Au(111) system is smaller than that of Co/Au(111), so the U of the d-CoPc/Au(111) system is smaller than that of the Co/Au(111) system. Moreover, the ∆ of the hybridized d-level of the d-CoPc/Au(111) system is greater than that of the Co/Au(111) system. Previous experiments [101] reported that T K for Co/Au(111) is ~75 K; thus, our experimental finding of a higher T K for the d-CoPc on Au(111) is in qualitative agreement with theory.
SUMMARY
We have reviewed our recent STM work on single molecules and their assemblies. The STM images of single molecules and their assemblies always show rich intramolecular fine structures or patterns. But the fine structures in STM images usually cannot be directly related to the molecular native structures owing to many intrinsic and extrinsic factors. The V S , tip structures, substrate influence, and even the DOS distribution of the molecules all affect the imaging of single molecules or their assemblies. We have shown that only when the interaction of molecule and substrate is blocked is it possible to visualize intrinsic MOs directly by high-resolution STM images such as the system of C 60 /thiol/Au. In most cases, the topography images of the molecules should be understood with the help of theoretical calculations and simulations, and thus we can understand not only the molecular structure but also the binding configurations and the orientations of the adsorbed molecules with respect to the substrate.
STM provides a unique technique for probing the LDOS on a subnanometer scale, but similar to the topography image there are still difficulties in the interpretation of the scanning tunneling spectrum of single molecules. We briefly discussed three different kinds of measurement configurations and their effects on the electronic measurements of a single molecule with an STM: the DOS of molecules may always be affected by being directly contacted to the two-electrode mode or SBTJ geometry. When we measure the I-V curve of a molecule in a DBTJ, the intrinsic electronic properties of the molecule will be obtained. Moreover, with the help of orthodox theory, the information of the gap between LUMO and HOMO as well as the discrete energy level structures of the molecules could be obtained from the SET spectrum. For some molecular structures, the topography image and STS are still insufficient for fully understanding their bonding nature and electronic structure, a dI/dV mapping method that spatially maps the intensity of LDOS in a narrow energy window near e·V S is helpful. As an example, we showed imaging of the MO and understanding the metal-cage interactions in a Dy@C 82 molecule. The results of energy-dependent intramolecular patterns in dI/dV maps and theoretical calculations indicated that there is strong orbital hybridization between the Dy atom and the carbon cage.
Single-molecular manipulation and single-molecular bond-selective chemistry with the help of an STM tip is a unique and powerful technique for not only fabricating novel nanostructures with desired functions but also for helping us understand important physics and chemistry at the level of the singlemolecular and even single bond. As examples, a molecular NDR device and an artificial nanostructure that shows clear Kondo effect were demonstrated by manipulating the C 60 molecule and by applying dehydrogenation processes on a CoPc molecule, respectively.
